The egg-laying hormone ovulin (Acp26Aa) is among the most rapidly evolving proteins in the Drosophila genome. Against the background of ovulin's high sequence variability within and between species, we have identified highly conserved motifs that may play an important structural role. Using yeast two-hybrid and GST-pull-down assays, we show that ovulin interacts with itself. The C terminus of ovulin is necessary and sufficient for selfinteraction, with its C-terminal 45 aa playing a major role. Under nonreducing conditions, ovulin participates in a high-molecularmass complex, suggesting that it occurs in an oligomeric form. One or more of three predicted coiled-coil domains in the C terminus of ovulin may be involved in its self-interaction. These structural elements are conserved between species despite an overall rapid pace of evolution in ovulin's primary sequence. We therefore suggest that domains involved in ovulin's self-interaction form a conserved structural backbone for the protein, resulting in greater evolutionary flexibility at other sites.
A
daptive pressures and functional constraint may exert opposing forces on the sequences and three-dimensional structures of proteins. The possibility for evolutionary novelty is limited, sometimes severely, by structural and physicochemical features required for protein function. Well documented cases of extreme conservation over large evolutionary distances are illustrative of the role of functional constraint (1) . By contrast, many genes involved in reproduction and immunity appear to have undergone repeated episodes of adaptive evolution, with high levels of sequence diversity within and between species (2, 3) .
For the proteins encoded by such rapidly evolving genes, the strength and targets of functional constraint may be less obvious. The available evidence suggests that some level of constraint is required for even the most diverse proteins to retain function. Indeed, the presence of a stable tertiary structure may reduce functional constraint on other portions of a protein (4) , reducing the tension between adaptive pressures and functional constraint. In the case of the highly polymorphic crucifer selfincompatibility ligand SCR, for example, primary sequence conservation is very limited: only a few key residues (primarily cysteines) are conserved between alleles. Structural modeling suggests, however, that overall secondary and tertiary structure is maintained (5) .
The Drosophila melanogaster seminal fluid protein ovulin represents a particularly striking case of rapid protein evolution. Ovulin is a 264-aa polypeptide that is produced in the male accessory gland, along with Ϸ70-100 other accessory gland proteins. Accessory gland proteins are transferred to the female along with sperm and other secretions during copulation, and are known to cause a variety of physiological and behavioral changes in females (for reviews, see refs. [6] [7] [8] [9] [10] [11] . After transfer to the female, ovulin is sequentially cleaved into four smaller peptides (CP1, CP2, CP3C, and CP3N) (12, 13) , and increases ovulation in females during the first 24 h after mating (14) (15) (16) . Full-length ovulin, as well as its two C-terminal cleavage products, are each individually capable of inducing ovulation in ectopic expression assays (12) . Ovulin may therefore act as a prohormone, in that its cleavage may release active products; however, that uncleaved ovulin is also active contrasts with other prohormones (17, 18) . Remarkably, the most C-terminal cleavage product of ovulin contains a region of sequence similarity to a family of egg-laying hormones (the ELHs and califins) from Aplysia (14, 16) .
Ovulin has evolved extremely rapidly at the amino acid level (19) (20) (21) (22) . Amino acid divergence between the closely related species D. melanogaster and Drosophila simulans is Ϸ15% for ovulin, whereas average divergence for other proteins is only Ϸ1-2% (23, 24) . Population genetic analyses in several species suggest that at least part of ovulin's divergence is driven by positive selection, whereby some new amino acid variants fix rapidly in a population owing to fitness benefits that they confer (19) (20) (21) (22) . Thus, it appears that ovulin variants can confer significant benefits to a male, presumably because of some advantage that they grant in the context of postmating events, such as stimulation of egg production.
Although the precise nature of this advantage is not presently clear, ovulin's rapid evolution mirrors that of other reproductive traits. Evolutionary biologists have long noted that some traits involved in mating, e.g., sperm length (25) and male genital morphology (26) , diverge rapidly between species. Variation in such traits may contribute to reproductive success, for example by influencing an individual's mating opportunities or control over reproductive decisions. As a result, sexual selection can rapidly fix favorable variants in a population, leading to the rapid evolution of reproductive traits. At the molecular level, proteins involved in sperm competition (competition between sperm from different males within the reproductive tract of a single female) or in sexually antagonistic coevolution may similarly experience strong sexual selection. Association studies have suggested that ovulin may influence sperm competition, most likely in the ''offense'' component (15, 27, 28) , raising a potential cause for ovulin's rapid evolution. Alternatively, conflict between males and females over the rate of egg-laying may result in sexually antagonistic coevolution between ovulin and its (as yet unidentified) receptor in females.
Although ovulin's rapid evolution has been described in some detail, nothing is known about the structural constraints (if any) that are necessary for its function. To fully understand ovulin's molecular evolution and function as a hormone (or prohormone), structure/function relationships within the ovulin polypeptide need to be clarified. To date, cleavage products of ovulin sufficient to induce ovulation have been identified (12) . Further work will be required to determine the functional roles of rapidly evolving regions and amino acid residues, as well as those domains and residues that are more highly conserved. If some form of sexual selection does in fact operate on ovulin, then one might predict that rapidly evolving residues will be involved in interactions with proteins produced by the female, or in sperm competition between males. The rapid evolution of some sites, together with maintenance of ovulin function, may itself be made possible by an evolutionarily stable structural backbone.
Here we continue investigation of the structure and function of ovulin using biochemical and computational methods. We report that ovulin interacts with itself in several assays, with a predicted coiled coil in its C terminus likely playing a major role. Residues predicted to be critical for self-interaction are conserved relative to the rest of the ovulin protein, consistent with our expectations. We propose that elements involved in selfinteraction form a conserved structural backbone for the ovulin protein, resulting in greater evolutionary flexibility at other sites.
Results
Ovulin Interacts with Itself. In a yeast two-hybrid screen for proteins that can interact with full-length ovulin, 61 individual interactors were identified. Sequencing indicated that they corresponded to 14 different genes ( Table 1 , which is published as supporting information on the PNAS web site). Because ovulin is an extracellular protein, we reasoned that its molecular partner(s) would likely also be extracellular or on the cell surface. Three of the 14 candidates encode proteins with predicted signal sequences, CG13083 and CG32642 (predicted ORFs) (29) , and ovulin itself. Three distinct ovulin clones were recovered in our two-hybrid screen, encoding amino acids 25-264, amino acids 128-264, or the C-terminal 45 aa of ovulin (amino acids 219-264). This final fragment will be referred to as ovulin C45.
Because yeast two-hybrid analysis can yield spurious interactions, we further tested whether the three candidate interactors could in fact interact with ovulin. First, we used RT-PCR to determine whether the expression patterns of CG13083 and CG32642 are such that ovulin could normally encounter their protein products. We failed to confirm expression of CG32642 in adult D. melanogaster, suggesting that the yeast two-hybrid interaction is not meaningful in an in vivo context. CG13083 is expressed in adult females; males and larval stages were not assayed.
We next performed GST-pull-down assays between ovulin and the remaining two candidate interactors (ovulin and CG13083).
We confirmed the self-interaction of ovulin ( Fig. 1, lanes 1-5 ). An N-terminal GST fusion of the full predicted secreted portion of ovulin produced in mammalian tissue culture cells was able to pull down native ovulin from extracts of male accessory glands. A similar quantity of GST alone, by contrast, was unable to pull down native ovulin. We were unable to confirm interaction between CG13083 and ovulin using GST-pull-down assays, using a GST-CG13083 fusion protein produced in Escherichia coli. It should be noted that this result does not disconfirm an interaction between ovulin and CG13083, as the fusion protein may not be appropriately folded, or otherwise posttranslationally modified. However, we do not pursue any further characterization of this potential interactor here.
The C Terminus of Ovulin Interacts with Itself. Upon transfer to the female, ovulin is sequentially cleaved into a number of smaller fragments (13, 30) . To further delineate the regions of ovulin involved in its self-interaction, we performed a yeast two-hybrid analysis with all pairwise combinations of ovulin's putative cleavage products (Fig. 2) . Only diploid yeast expressing both activation domain-CP3C and DNA binding domain-CP3C fusion proteins activated the HIS3, ADE2, and lacZ reporter genes (Fig.  2a) . Thus, ovulin's most C-terminal processing product CP3C interacts with itself in the two-hybrid system. CP3C did not (30) . Diagonal lines, predicted signal sequence; gray, regions of sequence similarity to Califin C; black bars, predicted proteolytic cleavage sites. ϩ, histidine and adenine prototrophy and ␤-galactosidase activity; Ϫ, failure to identify interaction in two-hybrid assays; NA, the assay was not performed.
interact with any other putative cleavage products of ovulin (Fig.  2b) , suggesting that the self-interaction is specific. Moreover, the failure of the other putative cleavage products to interact with each other, or with CP3C, suggests that CP3C is necessary for self-interaction.
To further delineate the region(s) of ovulin involved in its self-interaction, we tested the ability of the smallest fragment (ovulin C45) that interacted with full-length ovulin in the cDNA library screen, to interact with CP3C and with itself. A diploid yeast strain containing CP3C in the DNA binding domain vector and ovulin C45 in the activation domain vector activated the HIS3 and lacZ yeast two-hybrid reporters (Fig. 2b) . Similarly, reporter genes were activated in a diploid strain containing ovulin C45 in both the activation and binding domain vectors (data not shown). Thus, ovulin C45 is sufficient for interaction with CP3C, and interacts with itself, in the yeast two-hybrid system.
To determine whether the C terminus of ovulin also mediates the interactions we observed in GST-pull-down assays, we performed pull-downs on extracts of reproductive tracts from mated females. GST-ovulin produced in vitro successfully pulled down two cleavage products of ovulin from reproductive tract extracts of mated females (Fig. 1, lanes 6-10) . The apparent molecular masses of the pull-down products (25 and 30 kDa) (13) , as well as the timing of their appearance (13) , are consistent with those of CP3C, and of an intermediate processing product containing CP3N and CP3C. Thus, our yeast two-hybrid analysis and GST-pull-down assays show that the C terminus of ovulin is sufficient for self-interaction.
The C Terminus of Ovulin Contains Three Potential Leucine/Isoleucine
Zippers. We used bioinformatic methods to identify potential structural elements of ovulin responsible for its self-interaction. Secondary structure prediction using PsiPred (31) identified three ␣-helices in CP3C, at amino acid positions 121-136, 143-185, and 212-248. Further manual inspection of these three helices suggested that each contains a potential leucine/ isoleucine zipper, at residues 126-136, 171-189, and 229-246 (the two most C-terminal putative zippers are shown in Fig. 3 ). Such zippers are involved in protein-protein interactions, including self-interactions, in a number of proteins, e.g., the HIV protein Vpr and the membrane-bound protein phospholamban (32, 33) . A leucine/isoleucine zipper is thought to consist of an amphipathic helix with a periodicity of 3.5 residues, instead of the usual 3.6, such that residues every two full turns of the helix fall into a straight line. Residues every single full turn (positions a and d on a helical wheel diagram) tend to be occupied by isoleucine or leucine. Further analysis of ovulin using the program COILS identified three candidate coiled-coil domains, corresponding to the putative zippers described above (Fig. 6 , which is published as supporting information on the PNAS web site). Coiled-coil domains consist of two or more interacting amphipathic ␣-helices intertwined about each other, and constitute protein-protein interaction interfaces in many polypeptides. The C-terminal putative zipper domain lies within ovulin C45, the smallest fragment identified that is sufficient for self-interaction. We therefore suggest that self-interaction of ovulin is mediated in part by coiled-coil interactions in the C-terminal ␣-helix of ovulin.
Ovulin Participates in SDS-Stable Complexes. Electrophoresis under nonreducing conditions can yield insights into the oligomerization state of proteins. For example, previous studies have reported that pentamers of the leucine/isoleucine zipper protein phospholamban are stable under nonreducing SDS conditions (33, 34) , and some disulfide bonded structures are also resistant to SDS in the absence of reducing agents (e.g., refs. 35 and 36). Thus, we conducted SDS/PAGE of male accessory gland extracts, mated female reproductive tract extracts, and of His 6 -tagged ovulin produced in E. coli, in the presence or absence of the reducing agent 2-mercaptoethanol (2-ME) (Fig. 4) .
In the absence of 2-ME, the majority of ovulin present in extracts of male accessory glands and in extracts of mated female reproductive tracts migrates at an apparent molecular mass higher than that predicted and observed for ovulin monomers. The predicted molecular mass of full-length monomeric ovulin is Ϸ30 kDa; under reducing conditions, ovulin from the male accessory gland runs as bands of 36-37 kDa and 41 kDa because of glycosylation (30) . Under nonreducing conditions, however, ovulin present in the male accessory gland has an apparent molecular mass of 82 kDa. In the reproductive tracts of mated females (30-90 min after mating), the major cleavage product CP3C runs at 25 kDa under reducing conditions (13) . Under nonreducing conditions, a larger product (55 kDa) is again observed from the same sample. Notably, the apparent molecular masses of the bands under nonreducing conditions are consistent with those predicted for dimers of full-length ovulin (72-82 kDa) or of dimeric CP3C (50 kDa). Ovulin thus appears to form homooligomers in the male's reproductive tract before being transferred to a female. His 6 -ovulin produced in E. coli also forms higher-molecular-mass products in the absence of 2-ME, although less than half of the recombinant ovulin is found in this larger complex (data not shown). Again, the apparent molecular mass of the higher-molecular-mass complex is consistent with that predicted for a dimer (60 kDa, vs. 30 kDa for the nonglycosylated bacterial fusion protein). These results suggest that the formation of ovulin-containing complexes is not dependent on the presence of other seminal fluid proteins.
Conservation of Ovulin's Putative Zipper Domains.
Ovulin's putative zipper domains are conserved between several species of Drosophila, relative to other regions of ovulin (Fig. 5a) . A sliding window plot of the number of nonsynonymous nucleotide substitutions per nonsynonymous site (K a ), a measure of amino acid divergence, shows low levels of sequence divergence in the most C-terminal putative zipper domain (contained within ovulin C45), as well as in the small N-terminal putative zipper at 126-136 (Fig. 5a) . Moreover, leucine and isoleucine residues predicted to be critical to zipper formation are conserved in all three putative zippers between D. melanogaster and D. simulans, despite 15% amino acid divergence over the entire ovulin protein (the two C-terminal most zippers are shown in Fig. 6 b and c) . For the most C-terminal putative zipper domain, the a and d positions are occupied by leucine or isoleucine even in the distantly related species Drosophila pseudoobscura (Fig. 6c) , despite only 18.5% overall sequence similarity (37) . Moreover, amino acids at the g position of this helix are absolutely conserved at Y228, L235, and E242, perhaps reflecting important intermolecular interactions (e.g., ref. 38). We also noted that C199 is conserved between D. melanogaster, D. simulans, and D. pseudoobscura (data not shown). Although this cysteine residue does not lie within ovulin C45, it does fall within CP3C, and may participate in an intersubunit disulfide bridge. Other conserved residues may also play important structural or functional roles. These comparisons show that putatively critical leucine and isoleucine residues have been conserved in this rapidly diverging protein, consistent with their proposed functional importance.
Discussion
Studies in a variety of animal and plant species have identified numerous rapidly evolving reproductive proteins. A number of explanations have been invoked to account for these observations, including sexual selection (3), defense against pathogens (39) , and avoidance of inbreeding and/or self-fertilization (40) . It is unlikely that any single explanation will account for all cases of rapid evolution in reproductive proteins. Evaluation of a hypothesis with respect to a particular protein or set of proteins requires detailed knowledge of the structural and functional consequences of intraspecific or interspecific amino acid variation (e.g., ref. 40 ).
Here we examined the functional architecture of the rapidly evolving D. melanogaster egg-laying hormone ovulin. We found that ovulin interacts with itself and that its C-terminal most cleavage product, CP3C, is sufficient for this interaction. Furthermore, yeast two-hybrid analyses suggest that the last 45 aa of ovulin (ovulin C45) are sufficient for self-interaction. CP3C contains three potential leucine/isoleucine zipper regions that are predicted to form coiled coils; one of these regions falls within ovulin C45. Zipper domains are involved in dimerization or oligomerization in a number of systems (32, 33, 41) . Notably, the proposed self-interaction domain in ovulin C45 shows a high degree of conservation at potentially crucial residues despite ovulin's overall rapid protein divergence.
Although the functional significance of ovulin's selfinteraction is not yet known, a number of other prohormones and hormones are known to dimerize. For example, the Bombyx mori neuropeptide prothoracicotropic hormone (42) and the locust arginine-vasopressin-like diuretic hormone F2 (43) both form homodimers. In the latter case, the bioactivity of dimeric F2 is greatly enhanced over that of its monomeric counterpart, F1. In D. melanogaster dimerization is also necessary for the function of the heterodimeric cuticle-hardening hormone bursicon (36) , and human TGF-␤3 binds its receptor as a dimer (44) . By analogy, self-interaction may also be essential for ovulin's action. Tests of this hypothesis, although desirable, present experimental and interpretive challenges at this time.
The conservation of critical leucine and isoleucine residues in ovulin's proposed coiled-coil domains suggests that this protein's self-interaction may in fact be important for functionality. In other rapidly evolving proteins, conserved structural domains or residues are thought to play important structural roles. In the vertebrate MHC class I molecule, for example, rapidly evolving residues localize to the antigen recognition site (2) . Other portions of the molecule, including the macroglobulin binding ␣ 3 domain and the single transmembrane helix, show much lower rates of sequence evolution. Similarly, a few key residues appear to maintain tertiary structure in alleles of the crucifer SCR protein (5) .
In light of these examples, we suggest that ovulin's selfinteraction, and specifically the protein domain(s) involved in its self-interaction, are important for ovulin's function. Constraint on a few key structural elements in the self-interaction domain may reduce constraint on primary sequence and local secondary/ tertiary structure elsewhere in the protein, thereby providing conditions that would allow rapid adaptive evolution.
Materials and Methods
Yeast Two-Hybrid Analysis. A yeast two-hybrid screen for interactors of ovulin was performed by using the Matchmaker system according to the manufacturer's protocol (Clontech, Mountain View, CA). A mixed-sex adult cDNA library containing 3.5 ϫ 10 6 independent clones (''prey'') was screened for interactors with full-length ovulin minus its predicted signal sequence (''bait''). Bait/prey interactions were detected by histidine prototrophy and X-Gal staining. Fulllength sequences of the interacting genes were identified by BLAST against the complete D. melanogaster genome sequence (29) .
Coding sequences for each of the putative ovulin cleavage products CP1, CP2, CP3N, and CP3C (cloned as described in ref. 12) were subcloned by using the Gateway system (Invitrogen, Carlsbad, CA) into Gateway-compatible yeast two-hybrid vectors (original vectors from Clontech, modified by K. Ravi Ram, A. Garfinkel, and M.F.W., unpublished data). All possible pairwise interactions were then tested by using histidine and adenine prototrophy, and X-Gal staining, as markers.
Production and Purification of GST Fusion Proteins. Secreted GST and GST-ovulin (minus ovulin's native signal sequence) were produced in 293T cells by using pGST and pGST-GW, derivatives of the pAP-TAG5 vector (GenHunter, Nashville, TN). We were unable to obtain expression of GST-tagged CG13083 in 293T cells using pGST-GW. As an alternative, recombinant GST-CG13083 was produced in BL21-AI E. coli by using pDEST-15 (Invitrogen).
Fusion proteins were purified on 50 l of glutathione-coated agarose beads (Sigma, St. Louis, MO) overnight at 4°C, by using 1 ml of medium (GST and GST-ovulin) or 500 l of bacterial lysate (GST-CG13083). Beads were washed three times with 1 ml of PBS plus protease inhibitor cocktail (Roche, Indianapolis, IN) and stored in the same buffer (modified from ref. 45 ). Production and purification of a protein of the correct predicted molecular mass was verified by Coomassie staining of SDS/ PAGE gels and by Western blotting using antibodies to GST (Sigma) or ovulin.
GST-Pull-Down Assays. GST-pull-down assays were performed by using extracts from the accessory glands of 10 3-to 5-day posteclosion Canton-S males or from the reproductive tracts of Ϸ20 mated 3-to 5-day-old Canton-S females (30-90 min after mating). Tissues of interest were dissected into 50 l of 40% sucrose plus protease inhibitor cocktail (Roche) and were homogenized by using a plastic homogenizer. One milliliter of Nonidet P-40 buffer (50 mM Tris, pH 7.5/150 mM NaCl/0.5% Nonidet P-40/10% glycerol/3 mM MgCl 2 /1 mM EDTA) plus protease inhibitor cocktail was then added, along with 10-50 l of glutathione-agarose beads with bound GST, GST-ovulin, or GST-CG13083. After overnight incubation with rotation at 4°C, the supernatant was removed and the beads were washed five times with Nonidet P-40 buffer plus protease inhibitor cocktail. After SDS/PAGE, ovulin was detected by Western blotting using anti-ovulin antibodies at a concentration of 1:2,000.
Bioinformatic and Evolutionary Analyses. Signal sequence prediction was carried out by using SignalP 3.0 (46), and transmembrane domain predictions were performed by using Sosui (47) and HMMTOP (48) . Prediction of secondary structure was carried out by using PsiPred (31) , and putative coiled-coil domains were identified by using COILS (49) . For interspecific sequence comparisons, we obtained coding sequences of ovulin from a single individual each of D. melanogaster (GenBank accession no. NM057296), D. simulans (strain sim1, GenBank accession no. AY499205), and D. pseudoobscura (strain pse1, GenBank accession no. AY818043). The number of nonsynonymous (amino acid changing) nucleotide substitutions per nonsynonymous site (K a ) between D. melanogaster and D. simulans was calculated in windows of 30 nt, every 10 nt along the coding sequence, by using DnaSP4.1 (50) . This sliding window analysis permits visualization of amino acid divergence in different regions of the protein.
Nonreducing SDS/PAGE. Male accessory glands (two individuals) or the reproductive tracts of mated females (45-90 min after mating, three individuals) were dissected into 50 l of 40% sucrose plus protease inhibitor cocktail (Roche) and homogenized. His 6 -ovulin was produced in E. coli by using pDEST-17 (Invitrogen). Protein extracts were mixed with an equal volume of 2ϫ SDS/PAGE loading buffer, with no reducing agent or with 0.1% 2-ME. Samples were then subjected to 15% SDS/PAGE, and ovulin was detected by Western blotting using anti-ovulin antibodies at a concentration of 1:2,000.
